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Abstract: The recent COVID-19 crisis has highlighted the importance of RNA-based viruses. The most
prominent members of this group are SARS-CoV-2 (coronavirus), HIV (human immunodeficiency
virus), EBOV (Ebola virus), DENV (dengue virus), HCV (hepatitis C virus), ZIKV (Zika virus), CHIKV
(chikungunya virus), and influenza A virus. With the exception of retroviruses which produce reverse
transcriptase, the majority of RNA viruses encode RNA-dependent RNA polymerases which do
not include molecular proofreading tools, underlying the high mutation capacity of these viruses
as they multiply in the host cells. Together with their ability to manipulate the immune system of
the host in different ways, their high mutation frequency poses a challenge to develop effective and
durable vaccination and/or treatments. Consequently, the use of antiviral targeting agents, while an
important part of the therapeutic strategy against infection, may lead to the selection of drug-resistant
variants. The crucial role of the host cell replicative and processing machinery is essential for the
replicative cycle of the viruses and has driven attention to the potential use of drugs directed to the
host machinery as therapeutic alternatives to treat viral infections. In this review, we discuss small
molecules with antiviral effects that target cellular factors in different steps of the infectious cycle of
many RNA viruses. We emphasize the repurposing of FDA-approved drugs with broad-spectrum
antiviral activity. Finally, we postulate that the ferruginol analog (18-(phthalimide-2-yl) ferruginol) is
a potential host-targeted antiviral.

Keywords: host-targeted antivirals; RNA viruses; drug repositioning

1. Introduction

Viral diseases are an important focus of study in biomedical sciences due to their im-
pact on human health. Many RNA and DNA viruses infect vertebrates, including humans.
RNA viruses have a notable impact as they cause severe diseases with an important socio-
economic burden, e.g., acquired human immunodeficiency (HIV), hemorrhagic diseases
(Ebola, Zika, DENV), hepatitis C (HCV), or influenza [1]. Human intervention in natural
ecosystems and the continuous growth of the human population have led to increased
human contact with zoonotic virus reservoirs and an increased frequency of interspecies
infection, as illustrated by the COVID-19 pandemic, caused by coronavirus SARS-CoV-2 [2].

Although antiviral drugs and vaccines for human RNA viruses do exist, a major
challenge is the emergence of drug-resistant variants [3]. This phenomenon is due to
several factors, particularly that RNA produced by RNA virus-encoded RNA polymerases
have a very high mutation rate (one per each 100,000 nucleotides) [4]. In addition, al-
though reverse transcriptase has a lower probability to induce mutations (five in the full
genome) [5], together both phenomena produce a very high rate of spontaneous muta-
tion compared to the rate of mutation in, for example, eukaryotic cells [6]. In most cases,
these mutations put the mutated virus at an evolutionary disadvantage by, for example,
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decreasing its rate of replication or impairing the proper assembly of the capsid. However,
random mutation sometimes leads to the selection of antiviral-resistant variants (quasis-
pecies) in which viral replication and/or infective capability remain unaffected or even
improve [7]. Coronaviruses (CoVs) display a lower rate of random mutation, as they
express nonstructural protein (nsp) 14. nsp14 is a 3′-5′ exoribonuclease with proofreading
activity [8]. The rapid emergence of SARS-CoV-2 variants (e.g., the omicron variants and
its subvariants) insensitive to vaccines suggests that this mechanism is not as efficient as
originally proposed. Another compensating factor is the infectivity and replicative speed of
SARS-CoV-2. By jumping quickly from cell to cell and propagating to multiple individuals
in a population, the rate of mutation is elevated despite the existence of proofreading
mechanisms [9]. Dengue, Zika, and Chikungunya have no currently approved treatments
or effective prevention alternatives.

At present, antiviral drug development has focused on the identification of viral pro-
teins and/or structures as potential targets for different compounds and small molecules,
termed direct-acting antivirals (DAAs) [10]. DAAs are useful against DNA viruses due to
the comparatively low rate of spontaneous mutations [11]. However, their efficacy against
RNA viruses is less consistent [12], and each DAA needs to be evaluated independently.
Nevertheless, there are DAAs with documented efficacy against RNA viruses, e.g., tran-
scriptase reverse inhibitors against HIV (reviewed in [13]) or remdesivir, which targets the
RNA polymerase of SARS-CoV-2 [14].

An alternative approach is to identify antivirals that do not select drug-resistant
strains and are directed against the host factors required for productive viral infection.
Host-targeted antivirals (HTAs) could be more effective against RNA viruses because
host factors are genetically more stable than viral factors, potentially overcoming viral
heterogeneity and the emergence of drug-resistant mutants [15]. Additionally, exploring
FDA-approved drugs with HTA properties (drug repositioning) reduces time and optimizes
economic resources [16]. For example, antitumor small molecules are an attractive option
due to the convergence of some signaling pathways involved in cancer and infection caused
by RNA viruses [17].

Here, we review recent evidence positioning several HTAs for the treatment of human
diseases caused by RNA viruses. As a proof of principle, we focus on the case of an abietane
ferruginol analog endowed with a broad antiviral spectrum against dengue, Zika, and
herpesvirus [18,19]. These approaches suggest that repurposing current HTAs is a viable
strategy that may be useful for the treatment of RNA viral infections [20]. We illustrate this
point by describing the cases of several antitumor drugs that have displayed promising
results against SARS-CoV-2 infection [20–22] as well as other RNA viruses [23,24] by
targeting host cell mechanisms.

2. Cellular Factors Used by RNA Viruses in Their Replicative Cycle

Viruses are obligate intracellular parasites that require infection of living organisms
(cells) to replicate [25]. In the course of their replicative cycle, viruses can modulate a
wide variety of cellular processes that encompass the remodeling of the endomembrane
system [26], cytoskeletal polymerization and organization [27] dynamics [19], modulation
of gene and host protein expression [28], apoptosis and autophagy [29,30], cell division [31],
evasion of the immune response [32], induction of epithelial to mesenchymal transition
(EMT) [17], and regulation of lipid metabolism [33].
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Viruses use diverse cellular receptors to attach and enter the host cell. Heparan sulfate
receptors and other sulphated glycans are widely used by several families of viruses,
including DENV [34] and some alphaviruses [35]. DENV, HCV, HIV, and Ebola viruses
trigger clathrin-dependent receptor endocytosis [36–39]. Influenza and Ebola viruses
also enter cells through pinocytosis [39,40], and SARS-CoV-2 infects cells via pH- and
receptor-dependent/lysosomal entry [41]. After virion internalization and the release of
the viral genome into the cytoplasm, positive-strand RNA viruses modify the cellular
endomembrane system [42–44], forming structures known as “viral factories” [45].

The flavivirus genus produces at least two types of intracellular membrane structures:
vesicle packets (VPs) and convoluted membranes (CMs). Replication of the viral genome
happens at VPs, whereas RNA translation/polyprotein processing occurs at CMs [42,43].
CMs are formed through the membrane remodeling of the endoplasmic reticulum, whereas
VPs seem to be derived from the Golgi apparatus [46]. The development of these structures
is induced by changes in the lipid composition, the influence of integral membrane proteins,
the activity of diverse cytoskeletal proteins and microtubule motors, and scaffolding by pe-
ripheral and integral membrane proteins [47]. Additionally, the endoplasmic reticulum and
Golgi apparatus provide viruses with different sets of host proteins required for the process-
ing, folding, and function of viral glycoproteins. Examples include ER α-glucosidases [48]
and other cellular proteins that cleave viral proteins into their mature/active forms, such
as furins [49].

The cytoskeleton is also heavily involved in the development of the viral cycle [50,51].
For example, Ebola virus hijacks microfilaments to transport viral nucleocapsids from viral
replication centers to membrane budding sites [52], similar to vaccinia virus [53]. Actin
filaments are also crucial during DENV internalization and the release of new virions [54].
Many viruses, e.g., influenza, HIV, and Ebola, co-opt microtubule-associated molecular
motors for intracellular motility [55]. Influenza virus uses microtubules to move ribonucle-
oproteins from the nucleus to plasma membranes [56]. HIV uses microtubules to facilitate
group-specific antigen (gag) trafficking and virus particle production [57,58], while Ebola
virions hijack microtubules within membranous compartments to travel to the acidified
vesicular compartment, where viral and cellular membrane fusion occurs [59].

RNA viruses not only hijack pre-existing cellular machinery to propagate infection
but also trigger cellular modifications that favor viral dissemination. One crucial example
is the virus-induced epithelial-to-mesenchymal transition (EMT).

The EMT is a trans-differentiation process that has been classically associated to de-
velopment and the metastasis cascade [60]. It is an epigenetic program characterized
by a progressive loss of epithelial polarity, the acquisition of individual cellular motility,
and an invasive capacity [61]. During this process, epithelial cells adopt a fibroblastic,
mesenchymal-like morphology. Viral triggers of the EMT include the AKT-mediated phos-
phorylation of β-catenin (HCV), which triggers its translocation to the nucleus and the
induction of mesenchymal genes as well as the repression of E-cadherin transcription [62].
Recent data demonstrated that DENV infection activates the PI3K/Akt/Rho GTPase path-
way, resulting in the activation of Rac1 and Cdc42 Rho GTPases, which in turn induce a
lamellipodia and filopodia extension [63]. These cytoskeletal rearrangements highlight the
convergence of virus-induced actin remodeling with an EMT induction.

Figure 1 summarizes the key role of the host mechanisms for viral infection and
propagation, as discussed above and elsewhere [54], also postulating the role of a collection
of host-targeting drugs as antivirals.
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Figure 1. Host factors required for RNA virus entry and propagation. Host-targeted antivirals are
indicated in the figure according to their presumed point of interference with the viral infectious cycle.
ER: endoplasmic reticulum; EGA: bromobenzaldehyde N-(2,6-dimethylphenyl) semicarbazone.

3. Host-Targeted Antivirals against RNA Viruses

From a phylogenetic perspective, RNA viruses evolve at a much faster rate than
their hosts (Figure 2). As discussed above, this is due to the lack of proofreading of the
RNA-dependent RNA polymerases (RdRp) and reverse transcriptases (RT) [64], resulting
in an error frequency approximately three orders of magnitude higher than that of DNA-
dependent DNA polymerases [65].
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Figure 2. Biological mutation rate compared with genome size. RNA viruses have higher mutation
rates. Adaptive mutations are highlighted by colored symbols, illustrating the genetic variation
present in the RNA virus quasispecies. Data are adapted from [66].

RNA viruses exist in nature as quasispecies, which can be defined as complex dis-
tributions of genomes that exhibit genetic variations that endow the mutation carriers
with advantages to survive and thrive over strains that do not carry the mutation. Ge-
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netic variations emerge during non-proofed replication into host organisms, enhancing
the ability of specific quasispecies to proliferate, infect more easily, evade immunity, and
become resistant to treatment and/or vaccination [7]. Quasispecies that do not enjoy such
an advantage are eventually eliminated. While replication fidelity is a crucial element in the
survival of one quasispecies over another, additional factors, e.g., the genome architecture
and speed of genome replication, may influence these evolutionary adaptations [67].

Direct-acting antivirals (DAAs) are employed to treat RNA virus infections. However,
quasispecies emergence triggers the rapid appearance of resistant populations. When the
RdRp inhibitor balapiravir was used to treat DENV infection, no differences were found in
the plasma viral load, cytokine concentrations, and fever clearance time between the treated
group and the control, indicating the resistance of the DENV quasispecies to its action [68].
On the other hand, host-targeted antivirals (HTAs) constitute a novel strategy that may
overcome this issue. The main reason is that host factors are genetically more stable than
viral factors, and the mutation rate of cellular genes is very low in comparison with the
genes of RNA viruses [69]. Moreover, HTAs have pan-genotype and serotype antiviral
activity and complementary mechanisms of action to DAAs in clinical development; thus,
they could be used jointly [70]. Additionally, many HTAs are already FDA-approved drugs
for the treatment of other pathologies, e.g., cardiovascular diseases, inflammatory diseases,
and cancer. This means that toxicity and other adverse effects were assessed and reported
beforehand [71]. However, this does not rule out the emergence of quasispecies that bypass
the cellular effector targeted. This is a distinct possibility that needs to be addressed on a
case-by-case basis.. Figure 3 displays a graphic representation of a scale that compares the
advantages and disadvantages of HTAs with those of DAAs. In our view, the net balance
of HTAs outweighs that of DAAs, hence tipping the scale toward the former.Viruses 2023, 15, x FOR PEER REVIEW 6 of 20 
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3.1. Attachment and Entry Inhibitors

The endpoint of the virion entry for most RNA viruses is the release of the viral genome
into the host cell cytoplasm; hence, the disruption of the initial attachment and entry of
viruses can prevent the next steps of the viral replication cycle. There are a few genetic
examples of this mechanism. For example, naturally occurring mutations of the chemokine
receptor and HIV-1 entry co-factor CCR5 prevent infection [72–74]. Thereby, targeting
mechanisms of entry into the host cell could be a viable antiviral strategy. A key example
is HIV-1, which enters lymphocytes, macrophages, and neurons via CD4 (main receptor)
and CCR5/CXCR4 (co-receptors) [75]. Maraviroc is a CCR5 antagonist that can block HIV
infection [76]. However, HIV-1 can also use CXCR4 as a co-receptor. In fact, plerixafor
(AMD3100), which is currently used for stem cell mobilization in MM patients undergoing
autologous treatment [77,78], was originally conceived as a form of anti-HIV treatment [79].
Some examples are already available in the literature. Chebulagic acid and punicalagin
compounds inhibit viral glycoprotein interactions with cell surface glycosaminoglycans in
the 10–100 µM range [80], which are employed by many viruses as primary entry factors,
including DENV and HCV. Similarly, λ- and ι-carrageenans act as heparan sulfate (HS)-
mimetic compounds and are potent (IC50 = 0.14 to 4.1 µg/mL) inhibitors of DENV-2 and
DENV-3 in monkey and human cells [81]. Likewise, other sulfated polysaccharides display
antiviral activity against HIV and HCV [82]. Bromobenzaldehyde N-(2,6-dimethylphenyl)
semicarbazone (EGA) inhibits influenza A entry into host cells by blocking the acidification
of endosomes [83].

Importantly, SARS-CoV-2 infection of the host cell is enabled by the interaction of
the Receptor-Binding Domain (RBD) of the SARS-CoV-2 spike (S) protein with the cellu-
lar ACE2 receptor. This makes ACE2 a potential antiviral target. Chloroquine (CQ), a
4-aminoquinoline base that causes an increase in the lysosomal pH, was suggested as a
potential antiviral agent for SARS-CoV at a relatively low dose (IC50 ≈ 1 µM) [84], although
its real-life efficacy is questionable at best [85]. Its potential mechanism of action is based
on the fact that CQ inhibits the acidification and maturation of the endosome, thereby
blocking the pathway in the intermediate stages of endocytosis and preventing the further
transport of virus particles to the final release site [86]. CQ could also impair the terminal
glycosylation of the ACE2 receptor used by SARS-CoV-2 [87], reducing the affinity of the S
protein for ACE2. Additional HTAs targeting this mechanism were screened, including
NAAE (N-(2-amino-ethyl)-1 aziridine-ethanamine). NAEE displayed a dose-dependent
inhibition of the ACE2 catalytic activity, blocking cell fusion with the S protein. MLN-4760
is a potent (IC50 = 0.44 nM) inhibitor for ACE2 that forms a stable complex with ACE2 [88].
However, there is no well-established consensus on the feasibility of ACE2 receptor inhibi-
tion due to its important physiological role, including its protective effect on lung injury in
acute respiratory diseases [89].

Cathepsin L and TMPRSS are suitable targets to block the entry of some viruses,
e.g., SARS-CoV-2 [90,91], into cells. Teicoplanin, a glycopeptide antibiotic, inhibits cathepsin
L, blocking the entry of SARS-CoV pseudotyped viruses and SARS-CoV-2 in vitro with a
very low IC50, approximately 300 nM [92]. Likewise, oxocarbazate suppresses cathepsin
L and inhibits the entry of SARS-CoV and Ebola virus with an IC50 also in the 300 nM
range [93].

3.2. ER α-Glucosidase Inhibitors

Endoplasmic reticulum α-glucosidase inhibitors efficiently disrupt the morphogenesis
and assembly of multiple enveloped viruses. The main reason is that these enzymes are
essential for the processing, proper folding, and function of many viral glycoproteins that
are part of the viral capsid.

The naturally occurring iminosugar castanospermine inhibits all serotypes of DENV
in vitro with various IC50 values [94], also decreasing mortality in an in vivo model [95];
this compound also inhibits cell adhesion and cell-to-cell spread, glycoprotein processing,
and the replication of HIV [96]. Celgosivir, a pro-drug stemming from castanospermine,
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conferred full protection to mice infected with DENV (IC50 = 5 µM) [94]. A pre-clinical
trial in mice showed that celgosivir enhanced survival, reduced viremia, and promoted
a vigorous immune response [97]. Celgosivir also displayed antiviral properties against
HCV [98].

More recently, some iminosugar derivatives were shown to display activity against
DENV and influenza virus. UV-4B protected mice from a DENV-2 lethal challenge, with
IC50 = 17 µM [99]. It also promoted survival in a lethal influenza virus mouse model [100].

To address the advantages or disadvantages of HTA therapy, Plummer and coworkers
conducted the first evolutionary study to investigate the evolution of DENV-2 under
selective pressure by UV-4B [15]. This study revealed that DENV does not acquire mutations
that increase fitness during in vivo replication in the presence of the compound, indicating
that host factors display a high genetic barrier during the treatment of DENV infections.

3.3. Lipid Synthesis Inhibitors

During infection of enveloped viruses, the host’s lipid synthesis pathways are co-
opted in several steps of the virus replicative cycle. Statins inhibit the mevalonate pathway,
blocking the enzyme HMG-CoA reductase, which plays a central role in the production
of cholesterol and is employed regularly in patients with hypercholesterolemia [101].
Previous studies performed in our laboratory showed that lovastatin inhibited DENV
particle assembly (IC50 = 10–50 µM) in a cell culture via the inhibition of the prenylation
of Rho and Rab GTPases, which are important in DENV morphogenesis [102]. A delay
in infection and an increase in survival rates was observed in AG129 mice infected with
DENV-2; these results were the basis of a randomized, double-blind, placebo-controlled
trial in adults with dengue that demonstrated the potential use of lovastatin in anti-DENV
therapy [103]. Likewise, lovastatin was effective in clinical trials to control HIV-1 replication
in chronically infected individuals who were not receiving antiretroviral medication [104].

The antiviral activity of statins on the HCV subgenomic replicon showed that mevas-
tatin and simvastatin exhibited the strongest anti-HCV activity, whereas fluvastatin and
lovastatin had moderate inhibitory effects. Moreover, the combination of statins with
several selective HCV inhibitors resulted in a pronounced antiviral effect in a cell culture
that prevented or delayed the emergence of drug-resistant variants [105]. Simvastatin
exhibited antiviral effects against influenza A virus by modulating common cellular path-
ways, especially during endocytosis and lysosomal activity, affecting the autophagosome
function [106]. Fenretinide (4-HPR) is a synthetic retinoid that alters ceramide homeostasis.
4-HPR displayed in vitro antiviral activity against some flaviviruses, including DENV, West
Nile, Modoc, and HCV viruses, and in vivo activity against DENV, with the IC50 in the
1–50 µM range [107].

3.4. Antagonists of Cytoskeletal Polymerization

Several studies have shown that actin filaments and microtubules interact with vi-
ral particles at several steps of the replicative cycle. Pentagalloyl glucose decreased the
intracellular levels of cofilin [108], blocking the reorganization of the actin cytoskeleton
and influenza virus assembly and budding with an IC50 around 10 µM [109]. Importantly,
protruding actin-based structures such as Cdc42-dependent filopodia [110] seem particu-
larly important in viral dissemination. In this regard, ZCL278 had potent antiviral effects
against junin virus (JUNV), vesicular stomatitis virus (VSV), lymphocytic choriomenin-
gitis (LCM) virus, and dengue virus [111], by inhibiting the Cdc42 function in host cells
(IC50 ≈ 50 µM) [112]. During DENV-2 infection, nocodazole and cytochalasin D signifi-
cantly inhibited the production of infectious particles both before and after infection [54].
Similar results were reported by Wang et al. [113], who showed that cytochalasin D and
jasplakinolide reduced virion ingress during treatment in early events of infection and
reported an accumulation of the E viral protein later in infection. Other researchers have
emphasized the importance of the interactions between the cytoskeleton and flavivirus
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replication cycles, suggesting the cytoskeleton as a viable target for the design of new
antiviral therapies [50].

3.5. Approved Small Antitumor Molecules with Antiviral Effects

Mutations to multiple protein kinases underlie the initiation or development of vari-
ous forms of cancer [114]. Interestingly, some of these kinases are also important mediators
of viral infection; therefore, kinase antagonists (e.g., small organic molecules) developed to
treat cancer could be repurposed as a therapeutic alternative to treat infections caused by
RNA viruses. Some protein kinase inhibitors have antiviral activity against one or more
DENV serotypes. For example, selumetinib (AZD6244) is a MEK/ERK inhibitor that dis-
plays antiviral activity against DENV-2, DENV-3, and St. Louis encephalitis virus (SLEV) by
altering the virion morphogenesis in live mice (dose 100 mg/kg/day against 105 CFU) [115].
Sunitinib and erlotinib interfere with the intracellular trafficking of HCV-infective parti-
cles by inhibiting AP2-associated protein kinase 1 (AAK1) and cyclin G-associated kinase
(GAK). Furthermore, they produce a decrease in DENV and EBOV infection, demonstrating
that these molecules could be useful as broad-spectrum antivirals [116].

Small molecules such as AZD0530 and dasatinib target the Tyr kinase Fyn with
very high affinity (IC50 ≈ 1 nM). This kinase is involved in DENV-2 replication, thereby
possessing potential anti-DENV activity [117]. Dasatinib also inhibits the activity of other
Src-like kinases, exhibiting a potent inhibitory effect on dengue virus (serotypes 1–4)
by preventing the assembly of dengue virions within the virus-induced membranous
replication complex. Indeed, dasatinib efficiently (IC50 ≈ 1–5 µM) blocked DENV infection
in vitro [118]. Furthermore, dasatinib prevents permeability alterations during DENV
infection [119], likely by targeting the RhoA/ROCK axis [120]. ABL kinases regulate
several cellular pathways, including cell migration, adhesion, and actin reorganization [121].
A prepandemic study identified imatinib as an antagonist (IC50 ≈ 10–50 µM) of both
SARS-CoV and MERS-CoV replication in vitro [122]. Imatinib inhibited the early stages
of the coronavirus life cycle by blocking viral fusion with the endosomal membrane, thus
inhibiting subsequent viral genome replication. In Ebola infection, imatinib prevents the
phosphorylation of the viral VP40 protein, which is necessary for virion egress from the
host cell [123].

More recently, GNF-2 displayed a potent and specific effect (IC50 similar to that of
imatinib) against DENV by inhibiting the kinase activity of Abl by allosterically binding
to the myristoyl-binding pocket of Abl. However, it also displayed an Abl-independent
mechanism, targeting the interaction with the viral E protein in the prefusion state [124].
Finally, ruxolitinib, an inhibitor of Janus Kinases 1/2 and an FDA-approved drug for the
treatment of proliferative neoplastic myelofibrosis, reduces HIV-1 replication in human
macrophages at a very low IC50 (0.1–0.4 µM) [125]. Together, these data provide evidence
of the broad-spectrum activity of FDA-approved antitumor drugs.

3.6. Plant-Derived Natural Compounds

Plant-derived natural products are an important form of antiviral treatment, particu-
larly in developing countries due to the ancient social roots of traditional medicine [126].
Many potential antivirals derived from natural products were described, of which we
discuss only the best characterized. Importantly, some of these can act as direct antivi-
rals. For example, curcumin (see below) can inhibit the DENV NS2B/NS3 protease sys-
tem [127]. However, they can also target host-dependent mechanisms. This section focuses
on the latter.

Immunosuppressive drugs such as mycophenolic acid (IMP dehydrogenase inhibitor)
exhibit anti-DENV activity, preventing the synthesis and accumulation of viral RNA [128].
Cyclosporine, a cyclophilin protein inhibitor and immunosuppressant agent used conven-
tionally to prevent graft rejection, displayed antiviral activity against DENV, HCV, and
HIV at the step of RNA synthesis [129,130]. FGI-106, a low-molecular-weight inhibitor,
has shown broad-spectrum antiviral activity against Ebola virus both in vitro and in vivo.
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Although its mechanism of action has yet to be elucidated, this compound was shown to
also be effective against DENV, HIV, and HCV infections [131].

Carotenoid pigments have antitumor and antiviral effects due to the activation of
caspases that inhibit metalloproteinases. Treating HCV- and HBV-infected mononuclear
cells with these pigments decreased the activity of viral polymerases, thereby inhibiting
viral replication.

Curcumin has effects on several cellular processes and/or structures, e.g., the cy-
toskeleton and the ubiquitin–proteasome system [132]. It also induces apoptosis [133]. All
these effects interfere with dengue virus infection [134]. On the other hand, ferruginol
derivatives are active against DENV-2 in post-infection stages, resulting in a dramatic
reduction in the viral plaque size [18].

A summary of host-targeted antiviral with a non-comprehensive list of compounds
appears in Table 1.

Table 1. Host-targeted antivirals against some RNA viruses.

Category Compound Cellular Target Virus References

Entry and attachment inhibitors

Chebulagic
acid and punicalagin

Cellular surface
glycosaminoglycans DENV, HCV [80]

Carrageenans HS-imitative
compounds DENV, HIV, HCV [81]

Teicoplanin Cathepsin L SARS-CoV-2 [92]
Oxocarbazate SARS-CoV, EBOV [93]

Endosomal function inhibitors
EGA

Endosome acidification
Influenza A [83]

Chloroquine SARS-CoV-2, SARS-CoV [84,86,87]

α-glucosidase inhibitors
Castanospermine ER glucosidases/

disruption of glycoprotein
processing

DENV, HIV [94–96]
Celgosivir DENV, HCV [99,100]

Iminosugar derivatives DENV, Influenza [15,100]

Lipid synthesis inhibitors

Lovastatin Prenylation of Rho and Rab
GTPases DENV, HCV, HIV [102–104]

Mevastatin
HMG-CoA reductase HCV, Influenza A

[71,106]
Simvastatin

Fenretinide Ceramide homeostasis DENV, West Nile, Modoc,
HCV [107]

Agents acting on cytoskeleton

Pentagalloyl glucose Cofilin Influenza [108,109]
ZCL278 Cdc42 DENV, JUNV, VSV, LCM [111]

Cytochalasin D
Actin filaments DENV [54,113]Jasplakinolide

Nocodazol Microtubules

Antitumor molecules

Selumetinib (AZD6244) MEK/ERK DENV, SLEV [115]
Sunitinib and erlotinib AAK1/GAK HCV, DENV, EBOV [116]
AZD0530 and dasatinib Fyn/Src kinases DENV, Modoc [117,118]

Imatinib
c-ABL

DENV, SARS-CoV,
MERS-CoV, EBOV [122,123]

GNF-2 DENV [124]
Ruxolitinib JAK 1/2 HIV [125]

Plant-derived natural compounds

Mycophenolic acid IMP dehydrogenase DENV [128]
Cyclosporine Cyclophilin protein DENV, HCV, HIV [129,130]

FGI-106 Unknown DENV, EBOV, HIV, HCV [131]
Carotenoid pigments Metalloproteinases HCV [135]

Curcumin
Cytoskeleton, ubiquitin–
proteasome-proteasome

system, apoptosis
DENV [134]

18-(phthalimide-2-yl)
ferruginol

Actin remodeling, polyprotein
translation, replicative

complexes
DENV, ZIKV, CHIKV [18]

HS: heparan sulfate; ER: endoplasmic reticulum; HMG-CoA: 3-hydroxy-3-methylglutaryl coenzyme A re-
ductase; IMP dehydrogenase: Inosine-5’-monophosphate dehydrogenase; EGA: bromobenzaldehyde N-(2,6-
dimethylphenyl) semicarbazone; MEK/ERK: mitogen-activated protein kinase kinase/extracellular signal-
regulated kinase; AAK1/GAK: AP2-associated protein kinase 1/cyclin G-associated kinase; Fyn/Src: proto-
oncogene tyrosine-protein kinase; JAK: Janus kinase.
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4. Ferruginol Analogs as Potential Host-Targeted Antiviral

Ferruginol is a diterpenoid phenol isolated from plants of the Podocarpaceae, Cupres-
saceae, Lamiaceae, and Verbenaceae families. Ferruginol has a wide spectrum of biological
activities, such as antibacterial, antifungal, antimicrobial, acaricide, cardioactive, antioxi-
dant, anti-Leishmania, antiplasmodium, nematicide, anti-ulcerous, and cytotoxic activities
on tumor cells. Previously, we reported that two ferruginol analogs, 18-(phthalimide-2-yl)
ferruginol (compound 8) and 18-oxoferruginol (compound 9, shown in Figure 4), reduced
the in vitro infection of human herpesvirus type 1 and 2 and dengue serotype 2 when
added in post-infection stages. In addition, compound 8 significantly reduced the size of
the viral plaques when DENV-2-infected cells were treated [18].
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(compound 8) and 18-oxoferruginol (compound 9). MW: molecular weight.

18-(phthalimide-2-yl) ferruginol displays a phthalimide group in ring A of the ferrugi-
nol backbone, specifically in carbon 18, as indicated in Figure 4. Phthalimide is an imide
derived from phthalic acid with two carbonyl groups joined to a secondary amine. These
compounds are hydrophobic, endowing the molecule with the ability to traverse biological
membranes in vivo [136]. In addition, these molecules and some of their derivatives are
endowed with antibacterial, antifungal, analgesic, antitumor, anxiolytic, hypolipemic, and
analgesic activities and have low in vivo toxicity [137].

Our recent data suggest that compound 8 is endowed with potential broad-spectrum
antiviral activity. It does inhibit in vitro infection by Zika virus in Vero [19], PC3, and
HeLa cells at concentrations below 10 µM. Likewise, this molecule has antiviral activity
in Vero cells infected with CHIKV (Alphavirus genus) [138]. Further unpublished stud-
ies related to the antiviral mechanism of action of this molecule strongly suggest that
18-(phthalimide-2-yl)-ferruginol has an HTA-related mechanism of action by disrupting
the DENV-2 polyprotein translation via the alteration of actin remodeling and other related
cellular and viral processes involved in the replicative complex formation. Addition-
ally, in vitro and in silico evidence indicates that this compound has few cytotoxic and
potentially reversible effects on host cells.

5. Integration of Bioinformatics with the Search for Host-Targeted Antivirals

As discussed above, new therapeutic strategies for RNA viruses could be based on
targeting host proteins and processes that disturb the virus–cell interactomes that emerge
during virus colonization of the host cell. This view integrates the fact that viruses can
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manipulate and modify cellular protein networks essential for the viral cycle [139,140].
Databases such as VirusMINT (https://bio.tools/virusmint accessed on 25 November 2022)
and VirHostNet (https://virhostnet.prabi.fr/ accessed on 25 November 2022) and drug-
target databases such as DrugBank (https://go.drugbank.com/ accessed on 25 November
2022) are powerful tools to obtain preliminary information regarding the interactions
between virus and host proteins.

Experimentally, the high-throughput screening of virus-host protein–protein inter-
action methods, such as yeast two-hybrid assays, co-affinity purification/MS techniques,
protein arrays, and protein complementation protocols such as mass spectrometry, offers
great benefits for expanding virus–cell interactome knowledge and provides the oppor-
tunity to discover new targets in humans [141]. Another promising technology for novel
drug discovery is image-based profiling, which includes computational equipment, such as
deep learning and single-cell methods; in short, these tools collect relevant biological infor-
mation present in an image, reducing it to a multidimensional profile (see Figure 5B) [142].
Altogether, the focus of this outlook must be the host cell targets improving the repurposing
of drugs or finding new ones, because actual treatments remain limited, inefficient, and
incapable of challenging drug resistance. The workflow proposed for such a search strategy
is depicted in Figure 5A.
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targets in the interactions between viruses and cells that need to be confirmed by experimental
techniques. The next step includes repositioning existing drugs or discovering new inhibitors that
may act as host-targeted antivirals. (B) Image-based profiling overview from biological samples.

6. Conclusions and Perspectives

The goal of an antiviral drug is to avoid or resolve the infection to prevent the devel-
opment of severe disease or the death of the host. This kind of therapy must be effective,
ensuring complete resolution of the infection. Likewise, understanding the mechanisms by
which molecules exert their antiviral action not only on the virus but also on the host cell
allows an estimation of the risk–benefit balance.

Moreover, there is overwhelming proof of the impact of viral escape mutants on global
human health. The COVID-19 pandemic is a relevant example of the appearance of viral
strains resistant to vaccination that can become massively contagious.

All these lessons show that HTA therapy is a valid alternative for the new millennium
in research, not only against viruses but also in general for microorganisms that evolve
faster than their hosts. It is true that HTA therapy has many potential adverse effects, and
many clinical trials are ongoing to ascertain this aspect among others. Doubts that remain
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in this research field are more numerous than the data provided thus far but generate new
hope in the field of pharmacology to design more rational drugs.

Author Contributions: V.C.R.-L., M.E.-F. and J.C.G.-G., conceptualization, manuscript writing, figure
preparation, and bibliographic compilation. M.V.-M., additional conceptualization, and rebuttal. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ministerio de Ciencia, Tecnología e Innovación (Minciencias),
grant number 11584466951 and projects Sustainability-CODI-UdeA-2018-9.

Acknowledgments: The authors thank to Camilo Hernández-Cuellar for additional graphic design.
This research is funded by the University of Antioquia, grant CODI-2020-34137, Sustainability
Program 2018-9 of CODI-UdeA, and Exclusivity Program-UdeA (2022-2023), to J.C.G.-G. Moreover,
V.R.-L thanks the financial support from CODI (Comité para el Desarrollo de la Investigación-
Universidad de Antioquia)/Grant 2014-1041.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Carrasco-Hernandez, R.; Jácome, R.; López Vidal, Y.; Ponce de León, S. Are RNA Viruses Candidate Agents for the Next Global

Pandemic? A Review. ILAR J. 2017, 58, 343–358. [CrossRef] [PubMed]
2. Dhama, K.; Patel, S.K.; Sharun, K.; Pathak, M.; Tiwari, R.; Yatoo, M.I.; Malik, Y.S.; Sah, R.; Rabaan, A.A.; Panwar, P.K.; et al.

SARS-CoV-2 jumping the species barrier: Zoonotic lessons from SARS, MERS and recent advances to combat this pandemic virus.
Travel Med. Infect. Dis. 2020, 37, 101830. [CrossRef] [PubMed]

3. Irwin, K.K.; Renzette, N.; Kowalik, T.F.; Jensen, J.D. Antiviral drug resistance as an adaptive process. Virus Evol. 2016, 2, vew014.
[CrossRef] [PubMed]

4. Knippa, K.; Peterson, D.O. Fidelity of RNA polymerase II transcription: Role of Rpb9 [corrected] in error detection and
proofreading. Biochemistry 2013, 52, 7807–7817. [CrossRef] [PubMed]

5. Preston, B.D.; Poiesz, B.J.; Loeb, L.A. Fidelity of HIV-1 reverse transcriptase. Science 1988, 242, 1168–1171. [CrossRef]
6. Cuevas, J.M.; Geller, R.; Garijo, R.; Lopez-Aldeguer, J.; Sanjuan, R. Extremely High Mutation Rate of HIV-1 In Vivo. PLoS Biol.

2015, 13, e1002251. [CrossRef]
7. Novella, I.S.; Domingo, E.; Holland, J.J. Rapid viral quasispecies evolution: Implications for vaccine and drug strategies. Mol.

Med. Today 1995, 1, 248–253. [CrossRef]
8. Minskaia, E.; Hertzig, T.; Gorbalenya, A.E.; Campanacci, V.; Cambillau, C.; Canard, B.; Ziebuhr, J. Discovery of an RNA virus

3′→5′ exoribonuclease that is critically involved in coronavirus RNA synthesis. Proc. Natl. Acad. Sci. USA 2006, 103, 5108–5113.
[CrossRef]

9. Wang, R.; Chen, J.; Wei, G.W. Mechanisms of SARS-CoV-2 Evolution Revealing Vaccine-Resistant Mutations in Europe and
America. J. Phys. Chem. Lett. 2021, 12, 11850–11857. [CrossRef]

10. Paintsil, E.; Cheng, Y.C. Antiviral Agents. Encycl. Microbiol. 2019, 176–225. [CrossRef]
11. Vere Hodge, A.; Field, H.J. General Mechanisms of Antiviral Resistance. In Genetics and Evolution of Infectious Disease; Elsevier:

Amsterdam, The Netherlands, 2011; pp. 339–362. [CrossRef]
12. Gonzalez-Hernandez, M.J.; Pal, A.; Gyan, K.E.; Charbonneau, M.E.; Showalter, H.D.; Donato, N.J.; O’Riordan, M.; Wobus, C.E.

Chemical derivatives of a small molecule deubiquitinase inhibitor have antiviral activity against several RNA viruses. PLoS ONE
2014, 9, e94491. [CrossRef] [PubMed]

13. Adamson, C.S.; Freed, E.O. Anti-HIV-1 therapeutics: From FDA-approved drugs to hypothetical future targets. Mol. Interv. 2009,
9, 70–74. [CrossRef] [PubMed]

14. Takashita, E.; Kinoshita, N.; Yamayoshi, S.; Sakai-Tagawa, Y.; Fujisaki, S.; Ito, M.; Iwatsuki-Horimoto, K.; Halfmann, P.; Watanabe,
S.; Maeda, K.; et al. Efficacy of Antiviral Agents against the SARS-CoV-2 Omicron Subvariant BA.2. N. Engl. J. Med. 2022, 386,
1475–1477. [CrossRef] [PubMed]

15. Plummer, E.; Buck, M.D.; Sanchez, M.; Greenbaum, J.A.; Turner, J.; Grewal, R.; Klose, B.; Sampath, A.; Warfield, K.L.;
Peters, B.; et al. Dengue Virus Evolution under a Host-Targeted Antiviral. J. Virol. 2015, 89, 5592–5601. [CrossRef] [PubMed]

16. Ashburn, T.T.; Thor, K.B. Drug repositioning: Identifying and developing new uses for existing drugs. Nat. Rev. Drug Discov.
2004, 3, 673–683. [CrossRef] [PubMed]

17. Hofman, P.; Vouret-Craviari, V. Microbes-induced EMT at the crossroad of inflammation and cancer. Gut Microbes 2012, 3, 176–185.
[CrossRef]

18. Roa-Linares, V.C.; Brand, Y.M.; Agudelo-Gomez, L.S.; Tangarife-Castano, V.; Betancur-Galvis, L.A.; Gallego-Gomez, J.C.; Gonzalez,
M.A. Anti-herpetic and anti-dengue activity of abietane ferruginol analogues synthesized from (+)-dehydroabietylamine. Eur. J.
Med. Chem. 2016, 108, 79–88. [CrossRef]

19. Sousa, F.T.G.; Nunes, C.; Romano, C.M.; Sabino, E.C.; Gonzalez-Cardenete, M.A. Anti-Zika virus activity of several abietane-type
ferruginol analogues. Rev. Inst. Med. Trop. Sao Paulo 2020, 62, e97. [CrossRef]

http://doi.org/10.1093/ilar/ilx026
http://www.ncbi.nlm.nih.gov/pubmed/28985316
http://doi.org/10.1016/j.tmaid.2020.101830
http://www.ncbi.nlm.nih.gov/pubmed/32755673
http://doi.org/10.1093/ve/vew014
http://www.ncbi.nlm.nih.gov/pubmed/28694997
http://doi.org/10.1021/bi4009566
http://www.ncbi.nlm.nih.gov/pubmed/24099331
http://doi.org/10.1126/science.2460924
http://doi.org/10.1371/journal.pbio.1002251
http://doi.org/10.1016/S1357-4310(95)91551-6
http://doi.org/10.1073/pnas.0508200103
http://doi.org/10.1021/acs.jpclett.1c03380
http://doi.org/10.1016/b978-0-12-801238-3.02387-4
http://doi.org/10.1016/b978-0-12-384890-1.00013-3
http://doi.org/10.1371/journal.pone.0094491
http://www.ncbi.nlm.nih.gov/pubmed/24722666
http://doi.org/10.1124/mi.9.2.5
http://www.ncbi.nlm.nih.gov/pubmed/19401538
http://doi.org/10.1056/NEJMc2201933
http://www.ncbi.nlm.nih.gov/pubmed/35263535
http://doi.org/10.1128/JVI.00028-15
http://www.ncbi.nlm.nih.gov/pubmed/25762732
http://doi.org/10.1038/nrd1468
http://www.ncbi.nlm.nih.gov/pubmed/15286734
http://doi.org/10.4161/gmic.20288
http://doi.org/10.1016/j.ejmech.2015.11.009
http://doi.org/10.1590/s1678-9946202062097


Viruses 2023, 15, 776 14 of 18

20. Sachse, M.; Tenorio, R.; Fernandez de Castro, I.; Munoz-Basagoiti, J.; Perez-Zsolt, D.; Raich-Regue, D.; Rodon, J.; Losada, A.;
Aviles, P.; Cuevas, C.; et al. Unraveling the antiviral activity of plitidepsin against SARS-CoV-2 by subcellular and morphological
analysis. Antivir. Res. 2022, 200, 105270. [CrossRef]

21. Strobelt, R.; Adler, J.; Paran, N.; Yahalom-Ronen, Y.; Melamed, S.; Politi, B.; Shulman, Z.; Schmiedel, D.; Shaul, Y. Imatinib inhibits
SARS-CoV-2 infection by an off-target-mechanism. Sci. Rep. 2022, 12, 5758. [CrossRef]

22. Boytz, R.; Slabicki, M.; Ramaswamy, S.; Patten, J.J.; Zou, C.; Meng, C.; Hurst, B.L.; Wang, J.; Nowak, R.P.; Yang, P.L.; et al.
Anti-SARS-CoV-2 activity of targeted kinase inhibitors: Repurposing clinically available drugs for COVID-19 therapy. J. Med.
Virol. 2023, 95, e28157. [CrossRef]

23. Garcia-Serradilla, M.; Risco, C.; Pacheco, B. Drug repurposing for new, efficient, broad spectrum antivirals. Virus Res. 2019, 264,
22–31. [CrossRef] [PubMed]

24. Mercorelli, B.; Palu, G.; Loregian, A. Drug Repurposing for Viral Infectious Diseases: How Far Are We? Trends Microbiol. 2018, 26,
865–876. [CrossRef]

25. Flint, J.; Racaniello, V.R.; Rall, G.F.; Hatziioannou, T.; Skalka, A.M. Principles of Virology, Multi-Volume, 5th ed.; American Society
for Microbiology: Washington, DC, USA, 2020.

26. Arakawa, M.; Morita, E. Flavivirus Replication Organelle Biogenesis in the Endoplasmic Reticulum: Comparison with Other
Single-Stranded Positive-Sense RNA Viruses. Int. J. Mol. Sci. 2019, 20, 2336. [CrossRef] [PubMed]

27. Taylor, M.P.; Koyuncu, O.O.; Enquist, L.W. Subversion of the actin cytoskeleton during viral infection. Nat. Rev. Microbiol. 2011, 9,
427–439. [CrossRef] [PubMed]

28. Walsh, D.; Mohr, I. Viral subversion of the host protein synthesis machinery. Nat. Rev. Microbiol. 2011, 9, 860–875. [CrossRef]
29. Jackson, W.T. Viruses and the autophagy pathway. Virology 2015, 479-480, 450–456. [CrossRef]
30. Orozco-García, E.; Gallego-Gómez, J.C. Autophagy and Lipid Metabolism—A Cellular Platform where Molecular and Metabolic

Pathways Converge to Explain Dengue Viral Infection. In Cell Biology-New Insights; Najman, S., Ed.; IntechOpen: Rijeka, Croatia,
2016; Volume 1.

31. Fan, Y.; Sanyal, S.; Bruzzone, R. Breaking Bad: How Viruses Subvert the Cell Cycle. Front. Cell. Infect. Microbiol. 2018, 8, 396.
[CrossRef]

32. Nelemans, T.; Kikkert, M. Viral Innate Immune Evasion and the Pathogenesis of Emerging RNA Virus Infections. Viruses 2019,
11, 961. [CrossRef]

33. Martin-Acebes, M.A.; Jimenez de Oya, N.; Saiz, J.C. Lipid Metabolism as a Source of Druggable Targets for Antiviral Discovery
against Zika and Other Flaviviruses. Pharmaceuticals 2019, 12, 97. [CrossRef]

34. Artpradit, C.; Robinson, L.N.; Gavrilov, B.K.; Rurak, T.T.; Ruchirawat, M.; Sasisekharan, R. Recognition of heparan sulfate by
clinical strains of dengue virus serotype 1 using recombinant subviral particles. Virus Res. 2013, 176, 69–77. [CrossRef] [PubMed]

35. Sahoo, B.; Chowdary, T.K. Conformational changes in Chikungunya virus E2 protein upon heparan sulfate receptor binding
explain mechanism of E2-E1 dissociation during viral entry. Biosci. Rep. 2019, 39, 1–14. [CrossRef] [PubMed]

36. Blanchard, E.; Belouzard, S.; Goueslain, L.; Wakita, T.; Dubuisson, J.; Wychowski, C.; Rouille, Y. Hepatitis C virus entry depends
on clathrin-mediated endocytosis. J. Virol. 2006, 80, 6964–6972. [CrossRef] [PubMed]

37. Piccini, L.E.; Castilla, V.; Damonte, E.B. Dengue-3 Virus Entry into Vero Cells: Role of Clathrin-Mediated Endocytosis in the
Outcome of Infection. PLoS ONE 2015, 10, e0140824. [CrossRef] [PubMed]

38. Daecke, J.; Fackler, O.T.; Dittmar, M.T.; Kräusslich, H.G. Involvement of clathrin-mediated endocytosis in human immunodefi-
ciency virus type 1 entry. J. Virol. 2005, 79, 1581–1594. [CrossRef] [PubMed]

39. Aleksandrowicz, P.; Marzi, A.; Biedenkopf, N.; Beimforde, N.; Becker, S.; Hoenen, T.; Feldmann, H.; Schnittler, H.J. Ebola
virus enters host cells by macropinocytosis and clathrin-mediated endocytosis. J. Infect. Dis. 2011, 204 (Suppl. S3), S957–S967.
[CrossRef]

40. Rossman, J.S.; Leser, G.P.; Lamb, R.A. Filamentous influenza virus enters cells via macropinocytosis. J. Virol. 2012, 86, 10950–10960.
[CrossRef]

41. Mahmoud, I.S.; Jarrar, Y.B.; Alshaer, W.; Ismail, S. SARS-CoV-2 entry in host cells-multiple targets for treatment and prevention.
Biochimie 2020, 175, 93–98. [CrossRef]

42. den Boon, J.A.; Ahlquist, P. Organelle-like membrane compartmentalization of positive-strand RNA virus replication factories.
Annu. Rev. Microbiol. 2010, 64, 241–256. [CrossRef]

43. Miller, S.; Krijnse-Locker, J. Modification of intracellular membrane structures for virus replication. Nat. Rev. Microbiol. 2008, 6,
363–374. [CrossRef]

44. Spuul, P.; Balistreri, G.; Hellstrom, K.; Golubtsov, A.V.; Jokitalo, E.; Ahola, T. Assembly of alphavirus replication complexes from
RNA and protein components in a novel trans-replication system in mammalian cells. J. Virol. 2011, 85, 4739–4751. [CrossRef]
[PubMed]

45. Fernández de Castro, I.; Tenorio, R.; Risco, C. Virus Factories. Encycl. Virol. 2021, 495–500. [CrossRef]
46. Blanchard, E.; Roingeard, P. Virus-induced double-membrane vesicles. Cell. Microbiol. 2015, 17, 45–50. [CrossRef] [PubMed]
47. McMahon, H.T.; Gallop, J.L. Membrane curvature and mechanisms of dynamic cell membrane remodelling. Nature 2005, 438,

590–596. [CrossRef]
48. Chang, J.; Block, T.M.; Guo, J.T. Antiviral therapies targeting host ER alpha-glucosidases: Current status and future directions.

Antivir. Res. 2013, 99, 251–260. [CrossRef]

http://doi.org/10.1016/j.antiviral.2022.105270
http://doi.org/10.1038/s41598-022-09664-1
http://doi.org/10.1002/jmv.28157
http://doi.org/10.1016/j.virusres.2019.02.011
http://www.ncbi.nlm.nih.gov/pubmed/30794895
http://doi.org/10.1016/j.tim.2018.04.004
http://doi.org/10.3390/ijms20092336
http://www.ncbi.nlm.nih.gov/pubmed/31083507
http://doi.org/10.1038/nrmicro2574
http://www.ncbi.nlm.nih.gov/pubmed/21522191
http://doi.org/10.1038/nrmicro2655
http://doi.org/10.1016/j.virol.2015.03.042
http://doi.org/10.3389/fcimb.2018.00396
http://doi.org/10.3390/v11100961
http://doi.org/10.3390/ph12020097
http://doi.org/10.1016/j.virusres.2013.04.017
http://www.ncbi.nlm.nih.gov/pubmed/23707399
http://doi.org/10.1042/BSR20191077
http://www.ncbi.nlm.nih.gov/pubmed/31167876
http://doi.org/10.1128/JVI.00024-06
http://www.ncbi.nlm.nih.gov/pubmed/16809302
http://doi.org/10.1371/journal.pone.0140824
http://www.ncbi.nlm.nih.gov/pubmed/26469784
http://doi.org/10.1128/JVI.79.3.1581-1594.2005
http://www.ncbi.nlm.nih.gov/pubmed/15650184
http://doi.org/10.1093/infdis/jir326
http://doi.org/10.1128/JVI.05992-11
http://doi.org/10.1016/j.biochi.2020.05.012
http://doi.org/10.1146/annurev.micro.112408.134012
http://doi.org/10.1038/nrmicro1890
http://doi.org/10.1128/JVI.00085-11
http://www.ncbi.nlm.nih.gov/pubmed/21389137
http://doi.org/10.1016/b978-0-12-814515-9.00001-1
http://doi.org/10.1111/cmi.12372
http://www.ncbi.nlm.nih.gov/pubmed/25287059
http://doi.org/10.1038/nature04396
http://doi.org/10.1016/j.antiviral.2013.06.011


Viruses 2023, 15, 776 15 of 18

49. Becker, G.L.; Lu, Y.; Hardes, K.; Strehlow, B.; Levesque, C.; Lindberg, I.; Sandvig, K.; Bakowsky, U.; Day, R.; Garten, W.; et al.
Highly potent inhibitors of proprotein convertase furin as potential drugs for treatment of infectious diseases. J. Biol. Chem. 2012,
287, 21992–22003. [CrossRef]

50. Foo, K.Y.; Chee, H.Y. Interaction between Flavivirus and Cytoskeleton during Virus Replication. Biomed. Res. Int. 2015,
2015, 427814. [CrossRef]

51. Zhang, Y.; Gao, W.; Li, J.; Wu, W.; Jiu, Y. The Role of Host Cytoskeleton in Flavivirus Infection. Virol. Sin. 2019, 34, 30–41.
[CrossRef]

52. Schudt, G.; Kolesnikova, L.; Dolnik, O.; Sodeik, B.; Becker, S. Live-cell imaging of Marburg virus-infected cells uncovers
actin-dependent transport of nucleocapsids over long distances. Proc. Natl. Acad. Sci. USA 2013, 110, 14402–14407. [CrossRef]

53. Cudmore, S.; Cossart, P.; Griffiths, G.; Way, M. Actin-based motility of vaccinia virus. Nature 1995, 378, 636–638. [CrossRef]
54. Orozco-García, E.; Trujillo-Correa, A.; Gallego-Gómez, J.C. Cell Biology of Virus Infection. The Role of Cytoskeletal Dynamics

Integrity in the Effectiveness of Dengue Virus Infection. In Cell Biology-New Insights; Najman, S., Ed.; IntechOpen: Rijeka, Croatia,
2016; Volume 1.

55. Greber, U.F.; Way, M. A superhighway to virus infection. Cell 2006, 124, 741–754. [CrossRef] [PubMed]
56. Amorim, M.J.; Bruce, E.A.; Read, E.K.; Foeglein, A.; Mahen, R.; Stuart, A.D.; Digard, P. A Rab11- and microtubule-dependent

mechanism for cytoplasmic transport of influenza A virus viral RNA. J. Virol. 2011, 85, 4143–4156. [CrossRef] [PubMed]
57. McDonald, D.; Vodicka, M.A.; Lucero, G.; Svitkina, T.M.; Borisy, G.G.; Emerman, M.; Hope, T.J. Visualization of the intracellular

behavior of HIV in living cells. J. Cell Biol. 2002, 159, 441–452. [CrossRef]
58. Nishi, M.; Ryo, A.; Tsurutani, N.; Ohba, K.; Sawasaki, T.; Morishita, R.; Perrem, K.; Aoki, I.; Morikawa, Y.; Yamamoto, N.

Requirement for microtubule integrity in the SOCS1-mediated intracellular dynamics of HIV-1 Gag. FEBS Lett. 2009, 583,
1243–1250. [CrossRef]

59. Yonezawa, A.; Cavrois, M.; Greene, W.C. Studies of ebola virus glycoprotein-mediated entry and fusion by using pseudotyped
human immunodeficiency virus type 1 virions: Involvement of cytoskeletal proteins and enhancement by tumor necrosis factor
alpha. J. Virol. 2005, 79, 918–926. [CrossRef] [PubMed]

60. Lambert, A.W.; Weinberg, R.A. Linking EMT programmes to normal and neoplastic epithelial stem cells. Nat. Rev. Cancer 2021,
21, 325–338. [CrossRef]

61. Yang, J.; Antin, P.; Berx, G.; Blanpain, C.; Brabletz, T.; Bronner, M.; Campbell, K.; Cano, A.; Casanova, J.; Christofori, G.; et al.
Guidelines and definitions for research on epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2020, 21, 341–352.
[CrossRef]

62. Bose, S.K.; Meyer, K.; Di Bisceglie, A.M.; Ray, R.B.; Ray, R. Hepatitis C virus induces epithelial-mesenchymal transition in primary
human hepatocytes. J. Virol. 2012, 86, 13621–13628. [CrossRef]

63. Cuartas-Lopez, A.M.; Hernandez-Cuellar, C.E.; Gallego-Gomez, J.C. Disentangling the role of PI3K/Akt, Rho GTPase and the
actin cytoskeleton on dengue virus infection. Virus Res. 2018, 256, 153–165. [CrossRef]

64. Domingo, E.; Garcia-Crespo, C.; Lobo-Vega, R.; Perales, C. Mutation Rates, Mutation Frequencies, and Proofreading-Repair
Activities in RNA Virus Genetics. Viruses 2021, 13, 1882. [CrossRef]

65. Moya, A.; Elena, S.F.; Bracho, A.; Miralles, R.; Barrio, E. The evolution of RNA viruses: A population genetics view. Proc. Natl.
Acad. Sci. USA 2000, 97, 6967–6973. [CrossRef] [PubMed]

66. Duffy, S. Why are RNA virus mutation rates so damn high? PLoS Biol. 2018, 16, e3000003. [CrossRef]
67. Domingo, E.; Garcia-Crespo, C.; Perales, C. Historical Perspective on the Discovery of the Quasispecies Concept. Annu. Rev. Virol.

2021, 8, 51–72. [CrossRef] [PubMed]
68. Botta, L.; Rivara, M.; Zuliani, V.; Radi, M. Drug repurposing approaches to fight Dengue virus infection and related diseases.

Front. Biosci. (Landmark Ed.) 2018, 23, 997–1019. [CrossRef] [PubMed]
69. Troost, B.; Smit, J.M. Recent advances in antiviral drug development towards dengue virus. Curr. Opin. Virol. 2020, 43, 9–21.

[CrossRef]
70. Koonin, E.V.; Wolf, Y.I. Evolution of microbes and viruses: A paradigm shift in evolutionary biology? Front. Cell Infect. Microbiol.

2012, 2, 119. [CrossRef]
71. Delang, L.; Vliegen, I.; Froeyen, M.; Neyts, J. Comparative study of the genetic barriers and pathways towards resistance of

selective inhibitors of hepatitis C virus replication. Antimicrob. Agents Chemother. 2011, 55, 4103–4113. [CrossRef]
72. Liu, R.; Paxton, W.A.; Choe, S.; Ceradini, D.; Martin, S.R.; Horuk, R.; MacDonald, M.E.; Stuhlmann, H.; Koup, R.A.; Landau, N.R.

Homozygous defect in HIV-1 coreceptor accounts for resistance of some multiply-exposed individuals to HIV-1 infection. Cell
1996, 86, 367–377. [CrossRef]

73. Samson, M.; Libert, F.; Doranz, B.J.; Rucker, J.; Liesnard, C.; Farber, C.M.; Saragosti, S.; Lapoumeroulie, C.; Cognaux, J.;
Forceille, C.; et al. Resistance to HIV-1 infection in caucasian individuals bearing mutant alleles of the CCR-5 chemokine receptor
gene. Nature 1996, 382, 722–725. [CrossRef]

http://doi.org/10.1074/jbc.M111.332643
http://doi.org/10.1155/2015/427814
http://doi.org/10.1007/s12250-019-00086-4
http://doi.org/10.1073/pnas.1307681110
http://doi.org/10.1038/378636a0
http://doi.org/10.1016/j.cell.2006.02.018
http://www.ncbi.nlm.nih.gov/pubmed/16497585
http://doi.org/10.1128/JVI.02606-10
http://www.ncbi.nlm.nih.gov/pubmed/21307188
http://doi.org/10.1083/jcb.200203150
http://doi.org/10.1016/j.febslet.2009.03.041
http://doi.org/10.1128/JVI.79.2.918-926.2005
http://www.ncbi.nlm.nih.gov/pubmed/15613320
http://doi.org/10.1038/s41568-021-00332-6
http://doi.org/10.1038/s41580-020-0237-9
http://doi.org/10.1128/JVI.02016-12
http://doi.org/10.1016/j.virusres.2018.08.013
http://doi.org/10.3390/v13091882
http://doi.org/10.1073/pnas.97.13.6967
http://www.ncbi.nlm.nih.gov/pubmed/10860958
http://doi.org/10.1371/journal.pbio.3000003
http://doi.org/10.1146/annurev-virology-091919-105900
http://www.ncbi.nlm.nih.gov/pubmed/34586874
http://doi.org/10.2741/4630
http://www.ncbi.nlm.nih.gov/pubmed/28930586
http://doi.org/10.1016/j.coviro.2020.07.009
http://doi.org/10.3389/fcimb.2012.00119
http://doi.org/10.1128/AAC.00294-11
http://doi.org/10.1016/S0092-8674(00)80110-5
http://doi.org/10.1038/382722a0


Viruses 2023, 15, 776 16 of 18

74. Dean, M.; Carrington, M.; Winkler, C.; Huttley, G.A.; Smith, M.W.; Allikmets, R.; Goedert, J.J.; Buchbinder, S.P.; Vittinghoff, E.;
Gomperts, E.; et al. Genetic restriction of HIV-1 infection and progression to AIDS by a deletion allele of the CKR5 structural
gene. Hemophilia Growth and Development Study, Multicenter AIDS Cohort Study, Multicenter Hemophilia Cohort Study, San
Francisco City Cohort, ALIVE Study. Science 1996, 273, 1856–1862. [CrossRef]

75. Chen, B. Molecular Mechanism of HIV-1 Entry. Trends Microbiol. 2019, 27, 878–891. [CrossRef] [PubMed]
76. Woollard, S.M.; Kanmogne, G.D. Maraviroc: A review of its use in HIV infection and beyond. Drug Des. Devel. Ther. 2015, 9,

5447–5468. [CrossRef] [PubMed]
77. Keating, G.M. Plerixafor: A review of its use in stem-cell mobilization in patients with lymphoma or multiple myeloma. Drugs

2011, 71, 1623–1647. [CrossRef] [PubMed]
78. Bilgin, Y.M. Use of Plerixafor for Stem Cell Mobilization in the Setting of Autologous and Allogeneic Stem Cell Transplantations:

An Update. J. Blood Med. 2021, 12, 403–412. [CrossRef] [PubMed]
79. De Clercq, E.; Yamamoto, N.; Pauwels, R.; Balzarini, J.; Witvrouw, M.; De Vreese, K.; Debyser, Z.; Rosenwirth, B.; Peichl, P.;

Datema, R.; et al. Highly potent and selective inhibition of human immunodeficiency virus by the bicyclam derivative JM3100.
Antimicrob. Agents Chemother. 1994, 38, 668–674. [CrossRef] [PubMed]

80. Lin, L.T.; Chen, T.Y.; Lin, S.C.; Chung, C.Y.; Lin, T.C.; Wang, G.H.; Anderson, R.; Lin, C.C.; Richardson, C.D. Broad-spectrum
antiviral activity of chebulagic acid and punicalagin against viruses that use glycosaminoglycans for entry. BMC Microbiol. 2013,
13, 187. [CrossRef] [PubMed]

81. Talarico, L.B.; Damonte, E.B. Interference in dengue virus adsorption and uncoating by carrageenans. Virology 2007, 363, 473–485.
[CrossRef] [PubMed]

82. Bouhlal, R.; Haslin, C.; Chermann, J.C.; Colliec-Jouault, S.; Sinquin, C.; Simon, G.; Cerantola, S.; Riadi, H.; Bourgougnon, N.
Antiviral activities of sulfated polysaccharides isolated from Sphaerococcus coronopifolius (Rhodophytha, Gigartinales) and
Boergeseniella thuyoides (Rhodophyta, Ceramiales). Mar. Drugs 2011, 9, 1187–1209. [CrossRef]

83. Gillespie, E.J.; Ho, C.L.; Balaji, K.; Clemens, D.L.; Deng, G.; Wang, Y.E.; Elsaesser, H.J.; Tamilselvam, B.; Gargi, A.; Dixon, S.D.; et al.
Selective inhibitor of endosomal trafficking pathways exploited by multiple toxins and viruses. Proc. Natl. Acad. Sci. USA 2013,
110, E4904–E4912. [CrossRef]

84. Vincent, M.J.; Bergeron, E.; Benjannet, S.; Erickson, B.R.; Rollin, P.E.; Ksiazek, T.G.; Seidah, N.G.; Nichol, S.T. Chloroquine is a
potent inhibitor of SARS coronavirus infection and spread. Virol. J. 2005, 2, 69. [CrossRef]

85. Axfors, C.; Schmitt, A.M.; Janiaud, P.; Van’t Hooft, J.; Abd-Elsalam, S.; Abdo, E.F.; Abella, B.S.; Akram, J.; Amaravadi, R.K.;
Angus, D.C.; et al. Mortality outcomes with hydroxychloroquine and chloroquine in COVID-19 from an international collabora-
tive meta-analysis of randomized trials. Nat. Commun. 2021, 12, 2349. [CrossRef] [PubMed]

86. Al-Bari, M.A.A. Targeting endosomal acidification by chloroquine analogs as a promising strategy for the treatment of emerging
viral diseases. Pharm. Res. Perspect. 2017, 5, e00293. [CrossRef] [PubMed]

87. Savarino, A.; Di Trani, L.; Donatelli, I.; Cauda, R.; Cassone, A. New insights into the antiviral effects of chloroquine. Lancet Infect.
Dis. 2006, 6, 67–69. [CrossRef] [PubMed]

88. Ahmad, I.; Pawara, R.; Surana, S.; Patel, H. The Repurposed ACE2 Inhibitors: SARS-CoV-2 Entry Blockers of Covid-19. Top. Curr.
Chem. (Cham.) 2021, 379, 40. [CrossRef]

89. Cheng, H.; Wang, Y.; Wang, G.Q. Organ-protective effect of angiotensin-converting enzyme 2 and its effect on the prognosis of
COVID-19. J. Med. Virol. 2020, 92, 726–730. [CrossRef]

90. Zhao, M.M.; Yang, W.L.; Yang, F.Y.; Zhang, L.; Huang, W.J.; Hou, W.; Fan, C.F.; Jin, R.H.; Feng, Y.M.; Wang, Y.C.; et al. Cathepsin L
plays a key role in SARS-CoV-2 infection in humans and humanized mice and is a promising target for new drug development.
Signal Transduct. Target. Ther. 2021, 6, 134. [CrossRef]

91. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche,
A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell
2020, 181, 271–280 e278. [CrossRef]

92. Zhou, N.; Pan, T.; Zhang, J.; Li, Q.; Zhang, X.; Bai, C.; Huang, F.; Peng, T.; Zhang, J.; Liu, C.; et al. Glycopeptide Antibiotics
Potently Inhibit Cathepsin L in the Late Endosome/Lysosome and Block the Entry of Ebola Virus, Middle East Respiratory
Syndrome Coronavirus (MERS-CoV), and Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV). J. Biol. Chem. 2016, 291,
9218–9232. [CrossRef]

93. Shah, P.P.; Wang, T.; Kaletsky, R.L.; Myers, M.C.; Purvis, J.E.; Jing, H.; Huryn, D.M.; Greenbaum, D.C.; Smith, A.B., 3rd;
Bates, P.; et al. A small-molecule oxocarbazate inhibitor of human cathepsin L blocks severe acute respiratory syndrome and
ebola pseudotype virus infection into human embryonic kidney 293T cells. Mol. Pharmacol. 2010, 78, 319–324. [CrossRef]

94. Sayce, A.C.; Alonzi, D.S.; Killingbeck, S.S.; Tyrrell, B.E.; Hill, M.L.; Caputo, A.T.; Iwaki, R.; Kinami, K.; Ide, D.; Kiappes, J.L.; et al.
Iminosugars Inhibit Dengue Virus Production via Inhibition of ER Alpha-Glucosidases–Not Glycolipid Processing Enzymes.
PLoS Negl. Trop. Dis. 2016, 10, e0004524. [CrossRef]

95. Whitby, K.; Pierson, T.C.; Geiss, B.; Lane, K.; Engle, M.; Zhou, Y.; Doms, R.W.; Diamond, M.S. Castanospermine, a potent inhibitor
of dengue virus infection in vitro and in vivo. J. Virol. 2005, 79, 8698–8706. [CrossRef] [PubMed]

96. Sunkara, P.S.; Kang, M.S.; Bowlin, T.L.; Liu, P.S.; Tyms, A.S.; Sjoerdsma, A. Inhibition of glycoprotein processing and HIV
replication by castanospermine analogues. Ann. N. Y. Acad. Sci. 1990, 616, 90–96. [CrossRef] [PubMed]

http://doi.org/10.1126/science.273.5283.1856
http://doi.org/10.1016/j.tim.2019.06.002
http://www.ncbi.nlm.nih.gov/pubmed/31262533
http://doi.org/10.2147/DDDT.S90580
http://www.ncbi.nlm.nih.gov/pubmed/26491256
http://doi.org/10.2165/11206040-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21861545
http://doi.org/10.2147/JBM.S307520
http://www.ncbi.nlm.nih.gov/pubmed/34104027
http://doi.org/10.1128/AAC.38.4.668
http://www.ncbi.nlm.nih.gov/pubmed/7913308
http://doi.org/10.1186/1471-2180-13-187
http://www.ncbi.nlm.nih.gov/pubmed/23924316
http://doi.org/10.1016/j.virol.2007.01.043
http://www.ncbi.nlm.nih.gov/pubmed/17337028
http://doi.org/10.3390/md9071187
http://doi.org/10.1073/pnas.1302334110
http://doi.org/10.1186/1743-422X-2-69
http://doi.org/10.1038/s41467-021-22446-z
http://www.ncbi.nlm.nih.gov/pubmed/33859192
http://doi.org/10.1002/prp2.293
http://www.ncbi.nlm.nih.gov/pubmed/28596841
http://doi.org/10.1016/S1473-3099(06)70361-9
http://www.ncbi.nlm.nih.gov/pubmed/16439323
http://doi.org/10.1007/s41061-021-00353-7
http://doi.org/10.1002/jmv.25785
http://doi.org/10.1038/s41392-021-00558-8
http://doi.org/10.1016/j.cell.2020.02.052
http://doi.org/10.1074/jbc.M116.716100
http://doi.org/10.1124/mol.110.064261
http://doi.org/10.1371/journal.pntd.0004524
http://doi.org/10.1128/JVI.79.14.8698-8706.2005
http://www.ncbi.nlm.nih.gov/pubmed/15994763
http://doi.org/10.1111/j.1749-6632.1990.tb17831.x
http://www.ncbi.nlm.nih.gov/pubmed/2078038


Viruses 2023, 15, 776 17 of 18

97. Rathore, A.P.; Paradkar, P.N.; Watanabe, S.; Tan, K.H.; Sung, C.; Connolly, J.E.; Low, J.; Ooi, E.E.; Vasudevan, S.G. Celgosivir
treatment misfolds dengue virus NS1 protein, induces cellular pro-survival genes and protects against lethal challenge mouse
model. Antivir. Res. 2011, 92, 453–460. [CrossRef] [PubMed]

98. Qu, X.; Pan, X.; Weidner, J.; Yu, W.; Alonzi, D.; Xu, X.; Butters, T.; Block, T.; Guo, J.T.; Chang, J. Inhibitors of endoplasmic reticulum
alpha-glucosidases potently suppress hepatitis C virus virion assembly and release. Antimicrob. Agents Chemother. 2011, 55,
1036–1044. [CrossRef] [PubMed]

99. Perry, S.T.; Buck, M.D.; Plummer, E.M.; Penmasta, R.A.; Batra, H.; Stavale, E.J.; Warfield, K.L.; Dwek, R.A.; Butters, T.D.;
Alonzi, D.S.; et al. An iminosugar with potent inhibition of dengue virus infection in vivo. Antivir. Res. 2013, 98, 35–43.
[CrossRef] [PubMed]

100. Warfield, K.L.; Barnard, D.L.; Enterlein, S.G.; Smee, D.F.; Khaliq, M.; Sampath, A.; Callahan, M.V.; Ramstedt, U.; Day, C.W. The
Iminosugar UV-4 is a Broad Inhibitor of Influenza A and B Viruses ex Vivo and in Mice. Viruses 2016, 8, 71. [CrossRef] [PubMed]

101. Davidson, M.H. Safety profiles for the HMG-CoA reductase inhibitors: Treatment and trust. Drugs 2001, 61, 197–206. [CrossRef]
[PubMed]

102. Martinez-Gutierrez, M.; Castellanos, J.E.; Gallego-Gomez, J.C. Statins reduce dengue virus production via decreased virion
assembly. Intervirology 2011, 54, 202–216. [CrossRef]

103. Martinez-Gutierrez, M.; Correa-Londono, L.A.; Castellanos, J.E.; Gallego-Gomez, J.C.; Osorio, J.E. Lovastatin delays infection and
increases survival rates in AG129 mice infected with dengue virus serotype 2. PLoS ONE 2014, 9, e87412. [CrossRef]

104. Montoya, C.J.; Jaimes, F.; Higuita, E.A.; Convers-Paez, S.; Estrada, S.; Gutierrez, F.; Amariles, P.; Giraldo, N.; Penaloza, C.; Rugeles,
M.T. Antiretroviral effect of lovastatin on HIV-1-infected individuals without highly active antiretroviral therapy (The LIVE
study): A phase-II randomized clinical trial. Trials 2009, 10, 41. [CrossRef]

105. Delang, L.; Paeshuyse, J.; Vliegen, I.; Leyssen, P.; Obeid, S.; Durantel, D.; Zoulim, F.; Op de Beeck, A.; Neyts, J. Statins potentiate
the in vitro anti-hepatitis C virus activity of selective hepatitis C virus inhibitors and delay or prevent resistance development.
Hepatology 2009, 50, 6–16. [CrossRef] [PubMed]

106. Mehrbod, P.; Omar, A.R.; Hair-Bejo, M.; Haghani, A.; Ideris, A. Mechanisms of action and efficacy of statins against influenza.
BioMed. Res. Int. 2014, 2014, 872370. [CrossRef] [PubMed]

107. Carocci, M.; Hinshaw, S.M.; Rodgers, M.A.; Villareal, V.A.; Burri, D.J.; Pilankatta, R.; Maharaj, N.P.; Gack, M.U.; Stavale, E.J.;
Warfield, K.L.; et al. The bioactive lipid 4-hydroxyphenyl retinamide inhibits flavivirus replication. Antimicrob. Agents Chemother.
2015, 59, 85–95. [CrossRef] [PubMed]

108. Liu, G.; Xiang, Y.; Guo, C.; Pei, Y.; Wang, Y.; Kitazato, K. Cofilin-1 is involved in regulation of actin reorganization during influenza
A virus assembly and budding. Biochem. Biophys. Res. Commun. 2014, 453, 821–825. [CrossRef]

109. Liu, G.; Xiong, S.; Xiang, Y.F.; Guo, C.W.; Ge, F.; Yang, C.R.; Zhang, Y.J.; Wang, Y.F.; Kitazato, K. Antiviral activity and possible
mechanisms of action of pentagalloylglucose (PGG) against influenza A virus. Arch. Virol. 2011, 156, 1359–1369. [CrossRef]

110. Van den Broeke, C.; Jacob, T.; Favoreel, H.W. Rho’ing in and out of cells: Viral interactions with Rho GTPase signaling. Small
GTPases 2014, 5, e28318. [CrossRef]

111. Chou, Y.Y.; Cuevas, C.; Carocci, M.; Stubbs, S.H.; Ma, M.; Cureton, D.K.; Chao, L.; Evesson, F.; He, K.; Yang, P.L.; et al.
Identification and Characterization of a Novel Broad-Spectrum Virus Entry Inhibitor. J. Virol. 2016, 90, 4494–4510. [CrossRef]

112. Friesland, A.; Zhao, Y.; Chen, Y.H.; Wang, L.; Zhou, H.; Lu, Q. Small molecule targeting Cdc42-intersectin interaction disrupts
Golgi organization and suppresses cell motility. Proc. Natl. Acad. Sci. USA 2013, 110, 1261–1266. [CrossRef]

113. Wang, J.L.; Zhang, J.L.; Chen, W.; Xu, X.F.; Gao, N.; Fan, D.Y.; An, J. Roles of small GTPase Rac1 in the regulation of actin
cytoskeleton during dengue virus infection. PLoS Negl. Trop. Dis. 2010, 4. [CrossRef]

114. Bhullar, K.S.; Lagaron, N.O.; McGowan, E.M.; Parmar, I.; Jha, A.; Hubbard, B.P.; Rupasinghe, H.P.V. Kinase-targeted cancer
therapies: Progress, challenges and future directions. Mol. Cancer. 2018, 17, 48. [CrossRef]

115. de Oliveira, L.C.; Ribeiro, A.M.; Albarnaz, J.D.; Torres, A.A.; Guimaraes, L.F.Z.; Pinto, A.K.; Parker, S.; Doronin, K.; Brien, J.D.;
Buller, M.R.; et al. The small molecule AZD6244 inhibits dengue virus replication in vitro and protects against lethal challenge in
a mouse model. Arch. Virol. 2020, 165, 671–681. [CrossRef]

116. Bekerman, E.; Neveu, G.; Shulla, A.; Brannan, J.; Pu, S.Y.; Wang, S.; Xiao, F.; Barouch-Bentov, R.; Bakken, R.R.; Mateo, R.; et al.
Anticancer kinase inhibitors impair intracellular viral trafficking and exert broad-spectrum antiviral effects. J. Clin. Investig. 2017,
127, 1338–1352. [CrossRef] [PubMed]

117. de Wispelaere, M.; LaCroix, A.J.; Yang, P.L. The small molecules AZD0530 and dasatinib inhibit dengue virus RNA replication via
Fyn kinase. J. Virol. 2013, 87, 7367–7381. [CrossRef] [PubMed]

118. Chu, J.J.; Yang, P.L. c-Src protein kinase inhibitors block assembly and maturation of dengue virus. Proc. Natl. Acad. Sci. USA
2007, 104, 3520–3525. [CrossRef]

119. Singh, S.; Anupriya, M.G.; Modak, A.; Sreekumar, E. Dengue virus or NS1 protein induces trans-endothelial cell permeability
associated with VE-Cadherin and RhoA phosphorylation in HMEC-1 cells preventable by Angiopoietin-1. J. Gen. Virol. 2018, 99,
1658–1670. [CrossRef] [PubMed]

120. Kreutzman, A.; Colom-Fernandez, B.; Jimenez, A.M.; Ilander, M.; Cuesta-Mateos, C.; Perez-Garcia, Y.; Arevalo, C.D.; Bruck, O.;
Hakanen, H.; Saarela, J.; et al. Dasatinib Reversibly Disrupts Endothelial Vascular Integrity by Increasing Non-Muscle Myosin
II Contractility in a ROCK-Dependent Manner. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2017, 23, 6697–6707. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.antiviral.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22020302
http://doi.org/10.1128/AAC.01319-10
http://www.ncbi.nlm.nih.gov/pubmed/21173177
http://doi.org/10.1016/j.antiviral.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23376501
http://doi.org/10.3390/v8030071
http://www.ncbi.nlm.nih.gov/pubmed/27072420
http://doi.org/10.2165/00003495-200161020-00005
http://www.ncbi.nlm.nih.gov/pubmed/11270938
http://doi.org/10.1159/000321892
http://doi.org/10.1371/journal.pone.0087412
http://doi.org/10.1186/1745-6215-10-41
http://doi.org/10.1002/hep.22916
http://www.ncbi.nlm.nih.gov/pubmed/19437494
http://doi.org/10.1155/2014/872370
http://www.ncbi.nlm.nih.gov/pubmed/25478576
http://doi.org/10.1128/AAC.04177-14
http://www.ncbi.nlm.nih.gov/pubmed/25313218
http://doi.org/10.1016/j.bbrc.2014.10.036
http://doi.org/10.1007/s00705-011-0989-9
http://doi.org/10.4161/sgtp.28318
http://doi.org/10.1128/JVI.00103-16
http://doi.org/10.1073/pnas.1116051110
http://doi.org/10.1371/journal.pntd.0000809
http://doi.org/10.1186/s12943-018-0804-2
http://doi.org/10.1007/s00705-020-04524-7
http://doi.org/10.1172/JCI89857
http://www.ncbi.nlm.nih.gov/pubmed/28240606
http://doi.org/10.1128/JVI.00632-13
http://www.ncbi.nlm.nih.gov/pubmed/23616652
http://doi.org/10.1073/pnas.0611681104
http://doi.org/10.1099/jgv.0.001163
http://www.ncbi.nlm.nih.gov/pubmed/30355397
http://doi.org/10.1158/1078-0432.CCR-16-0667
http://www.ncbi.nlm.nih.gov/pubmed/28821556


Viruses 2023, 15, 776 18 of 18

121. Bradley, W.D.; Koleske, A.J. Regulation of cell migration and morphogenesis by Abl-family kinases: Emerging mechanisms and
physiological contexts. J. Cell. Sci. 2009, 122, 3441–3454. [CrossRef] [PubMed]

122. Coleman, C.M.; Sisk, J.M.; Mingo, R.M.; Nelson, E.A.; White, J.M.; Frieman, M.B. Abelson Kinase Inhibitors Are Potent Inhibitors
of Severe Acute Respiratory Syndrome Coronavirus and Middle East Respiratory Syndrome Coronavirus Fusion. J. Virol. 2016,
90, 8924–8933. [CrossRef]

123. Garcia, M.; Cooper, A.; Shi, W.; Bornmann, W.; Carrion, R.; Kalman, D.; Nabel, G.J. Productive replication of Ebola virus is
regulated by the c-Abl1 tyrosine kinase. Sci. Transl. Med. 2012, 4, 123ra24. [CrossRef]

124. Clark, M.J.; Miduturu, C.; Schmidt, A.G.; Zhu, X.; Pitts, J.D.; Wang, J.; Potisopon, S.; Zhang, J.; Wojciechowski, A.; Hann Chu, J.J.;
et al. GNF-2 Inhibits Dengue Virus by Targeting Abl Kinases and the Viral E Protein. Cell Chem. Biol. 2016, 23, 443–452. [CrossRef]

125. Haile, W.B.; Gavegnano, C.; Tao, S.; Jiang, Y.; Schinazi, R.F.; Tyor, W.R. The Janus kinase inhibitor ruxolitinib reduces HIV
replication in human macrophages and ameliorates HIV encephalitis in a murine model. Neurobiol. Dis. 2016, 92, 137–143.
[CrossRef] [PubMed]

126. Ernst, E. The efficacy of herbal medicine—An overview. Fundam. Clin. Pharm. 2005, 19, 405–409. [CrossRef] [PubMed]
127. Balasubramanian, A.; Pilankatta, R.; Teramoto, T.; Sajith, A.M.; Nwulia, E.; Kulkarni, A.; Padmanabhan, R. Inhibition of dengue

virus by curcuminoids. Antivir. Res. 2019, 162, 71–78. [CrossRef] [PubMed]
128. Diamond, M.S.; Zachariah, M.; Harris, E. Mycophenolic acid inhibits dengue virus infection by preventing replication of viral

RNA. Virology 2002, 304, 211–221. [CrossRef]
129. Ciesek, S.; Steinmann, E.; Wedemeyer, H.; Manns, M.P.; Neyts, J.; Tautz, N.; Madan, V.; Bartenschlager, R.; von Hahn, T.;

Pietschmann, T. Cyclosporine A inhibits hepatitis C virus nonstructural protein 2 through cyclophilin A. Hepatology 2009, 50,
1638–1645. [CrossRef]

130. Qing, M.; Yang, F.; Zhang, B.; Zou, G.; Robida, J.M.; Yuan, Z.; Tang, H.; Shi, P.Y. Cyclosporine inhibits flavivirus replication
through blocking the interaction between host cyclophilins and viral NS5 protein. Antimicrob. Agents Chemother. 2009, 53,
3226–3235. [CrossRef]

131. Aman, M.J.; Kinch, M.S.; Warfield, K.; Warren, T.; Yunus, A.; Enterlein, S.; Stavale, E.; Wang, P.; Chang, S.; Tang, Q.; et al.
Development of a broad-spectrum antiviral with activity against Ebola virus. Antivir. Res. 2009, 83, 245–251. [CrossRef]

132. Holy, J. Curcumin inhibits cell motility and alters microfilament organization and function in prostate cancer cells. Cell Motil.
Cytoskelet. 2004, 58, 253–268. [CrossRef]

133. Leu, T.H.; Maa, M.C. The molecular mechanisms for the antitumorigenic effect of curcumin. Curr. Med. Chem. Anticancer Agents
2002, 2, 357–370. [CrossRef]

134. Padilla, S.L.; Rodriguez, A.; Gonzales, M.M.; Gallego, G.J.; Castano, O.J. Inhibitory effects of curcumin on dengue virus type
2-infected cells in vitro. Arch. Virol. 2014, 159, 573–579. [CrossRef]

135. Hegazy, G.E.; Abu-Serie, M.M.; Abo-Elela, G.M.; Ghozlan, H.; Sabry, S.A.; Soliman, N.A.; Abdel-Fattah, Y.R. In vitro dual
(anticancer and antiviral) activity of the carotenoids produced by haloalkaliphilic archaeon Natrialba sp. M6. Sci. Rep. 2020, 10,
5986. [CrossRef] [PubMed]

136. Sharma, U.; Kumar, P.; Kumar, N.; Singh, B. Recent advances in the chemistry of phthalimide analogues and their therapeutic
potential. Mini Rev. Med. Chem. 2010, 10, 678–704. [CrossRef] [PubMed]

137. Guedes da Silva Jr, J.; Nogueira Holanda, V.; Rodrigues Gambôa, D.S.; Siqueira do Monte, T.V.; Andrade de Araújo, H.D.; Alves
do Nascimento Jr, J.A.; da Silva Araújo, V.F.; Macedo Callôu, M.A.; Pôrto de Oliveira Assis, S.; Menezes Lima, V.L. Therapeutic
Potential of Phthalimide Derivatives: A Review. Am. J. Biomed. Sci. Res. 2019, 3, 378–384. [CrossRef]

138. Gonzalez-Cardenete, M.A.; Hamulic, D.; Miquel-Leal, F.J.; Gonzalez-Zapata, N.; Jimenez-Jarava, O.J.; Brand, Y.M.; Restrepo-
Mendez, L.C.; Martinez-Gutierrez, M.; Betancur-Galvis, L.A.; Marin, M.L. Antiviral Profiling of C-18- or C-19-Functionalized
Semisynthetic Abietane Diterpenoids. J. Nat. Prod. 2022, 85, 2044–2051. [CrossRef]

139. de Chassey, B.; Meyniel-Schicklin, L.; Aublin-Gex, A.; Andre, P.; Lotteau, V. New horizons for antiviral drug discovery from
virus-host protein interaction networks. Curr. Opin. Virol. 2012, 2, 606–613. [CrossRef]

140. Dyer, M.D.; Murali, T.M.; Sobral, B.W. The landscape of human proteins interacting with viruses and other pathogens. PLoS
Pathog. 2008, 4, e32. [CrossRef]

141. de Chassey, B.; Meyniel-Schicklin, L.; Vonderscher, J.; Andre, P.; Lotteau, V. Virus-host interactomics: New insights and
opportunities for antiviral drug discovery. Genome Med. 2014, 6, 115. [CrossRef]

142. Chandrasekaran, S.N.; Ceulemans, H.; Boyd, J.D.; Carpenter, A.E. Image-based profiling for drug discovery: Due for a machine-
learning upgrade? Nat. Rev. Drug Discov. 2021, 20, 145–159. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1242/jcs.039859
http://www.ncbi.nlm.nih.gov/pubmed/19759284
http://doi.org/10.1128/JVI.01429-16
http://doi.org/10.1126/scitranslmed.3003500
http://doi.org/10.1016/j.chembiol.2016.03.010
http://doi.org/10.1016/j.nbd.2016.02.007
http://www.ncbi.nlm.nih.gov/pubmed/26851503
http://doi.org/10.1111/j.1472-8206.2005.00335.x
http://www.ncbi.nlm.nih.gov/pubmed/16011726
http://doi.org/10.1016/j.antiviral.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30529358
http://doi.org/10.1006/viro.2002.1685
http://doi.org/10.1002/hep.23281
http://doi.org/10.1128/AAC.00189-09
http://doi.org/10.1016/j.antiviral.2009.06.001
http://doi.org/10.1002/cm.20012
http://doi.org/10.2174/1568011024606370
http://doi.org/10.1007/s00705-013-1849-6
http://doi.org/10.1038/s41598-020-62663-y
http://www.ncbi.nlm.nih.gov/pubmed/32249805
http://doi.org/10.2174/138955710791572442
http://www.ncbi.nlm.nih.gov/pubmed/20402635
http://doi.org/10.34297/AJBSR.2019.03.000699
http://doi.org/10.1021/acs.jnatprod.2c00464
http://doi.org/10.1016/j.coviro.2012.09.001
http://doi.org/10.1371/journal.ppat.0040032
http://doi.org/10.1186/s13073-014-0115-1
http://doi.org/10.1038/s41573-020-00117-w

	Introduction 
	Cellular Factors Used by RNA Viruses in Their Replicative Cycle 
	Host-Targeted Antivirals against RNA Viruses 
	Attachment and Entry Inhibitors 
	ER -Glucosidase Inhibitors 
	Lipid Synthesis Inhibitors 
	Antagonists of Cytoskeletal Polymerization 
	Approved Small Antitumor Molecules with Antiviral Effects 
	Plant-Derived Natural Compounds 

	Ferruginol Analogs as Potential Host-Targeted Antiviral 
	Integration of Bioinformatics with the Search for Host-Targeted Antivirals 
	Conclusions and Perspectives 
	References

